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Introduction
Since the advent of substrate integrated waveguide (SIW) in the microwave engineering society, many researchers have rapidly valued the importance of this technology thanks to its minimal loss, ease of fabrication, low cost and small size compared to the rectangular waveguide [1] [2] [3] [4] .
In recent years, leakage of energy from SIW has been widely studied for its outstanding advantages related to the continuous beam steering of the leaky field distribution. Several works were focused on the design of dual-beam leaky wave antennas [5] [6] [7] [8] . They are preferred for both their low profiles and loss and also mainly for their scanning flexibility especially for the systems that require multiple coverage of spaces. This work investigates the propagation of space leaky wave along SIW CRLH transmission line. In the case of a single line, the behavior of the space leaky wave is well known, see e.g. [9] , [10] . A complex phenomenon has been revealed in the case of a pair of the CRLH SIW transmission lines designed on a common substrate. These two lines are tuned to different frequencies. In this case, the two transmission lines are fed into opposite terminals. The remaining terminals are matched. The field radiated by the pair of space leaky waves depends strongly on the phase shift between feeding signals. When the phase shift is equal to 180°, the radiated field offers two main beams at most frequencies. The broadside radiation which is perpendicular to the lines' direction appears at the original frequencies of the particular waves.
The proposed pair of transmission lines can scan both single and double beams depending on the frequency range, corresponding to a beam of the first antenna (or the second one) and two simultaneous beams from both lines, respectively. This beam steering is obtained from -72° to 73° with reaching broadside radiation at 7.8 and 10.2 GHz. Furthermore, the current design features an asymmetric dual beam scanning and operates in a wide frequency bandwidth from 6.9 GHz to 13.5 GHz. The work presented in this paper illustrates a complex behavior of leakage from open transmission lines. This design can be an attractive feature for smart protecting systems that are used in a complex space geometry and for scanning systems and tracking applications.
Theory: Leakage from SIW Lines
The leaky wave propagates along a transmission line as the mode with a complex propagation constant k z [10] :
There are two kinds of leaky waves, distinguished by the relation of their phase constant  to the propagation constant in a surrounding medium. The substrate leaky wave mode fulfills the phase condition for
where k TM or k TE are phase constants of the corresponding surface wave propagating in a substrate. Space leaky wave
(propagating along open transmission line) fulfills the phase condition  < k 0 where k 0 is the free space propagation constant. Space leaky wave radiates power from the transmission line into the space above it. Now  controls the radiated beam angle, and  is the leakage rate which controls the beam width [11] . Theoretically, the space leaky wave field increases to infinity in a perpendicular direction to the line substrate. The real radiated field must fulfill the radiation condition in infinity. Therefore, after reaching its maximum at the approximate direction determined by the θ angle, the field decreases again to meet the radiation condition
The phase constant is positive in the case of a standard transmission line. In this instance, the field is radiated only in a forward direction as e.g. in [12] . The composite rightleft handed (CRLH) line substantially improves the radiation and therefore the line applicability. The phase constant can be negative as well as positive. Hence, the space leaky wave radiates depending on frequency both in the backward and forward directions. The current of this wave can be approximated by a simple function
The wave propagates along the line and leaks power to the space and therefore its amplitude decreases along the line. Due to the leakage caused by such a wave, the radiation pattern can simply be calculated by [11]    
I 1 is the current amplitude at the feeding point at z = 0. Depending on the phase constant sign, a leakage in backward or forward directions was obtained.
The proposed structure is composed of an array of two CRLH SIW lines positioned along the z-axis as shown in Fig. 1 . The two lines have different frequencies of the broadside radiation at which the phase constant is zero. The lengths of their unit cells must be equal as the lines must have the same length. For analysis purposes, coupling between the two lines is considered to be negligible. The total radiated field of the two SIW lines is given by
with E 1 determined by (4), and similarly with
where thephase shift between the two feeding ports is equal to 180°, L is the length of the leaky wave CRLH line structure, E 1 is the radiated field of the first CRLH SIW line, E 2 is the radiated field of the second CRLH SIW line and k z1 and k z2 are the complex propagation constants of the first and the second lines, respectively. The integration of (4) and (6) gives the following radiated field formulas
Proposed Structure of Transmission Lines
The proposed prototype of the two parallel CRLH SIW transmission lines that are shown in Fig. 1 has been designed to verify the scanning process of the two space leaky wave superposition. The lines radiate through periodic inter-digital capacitor slots etched on the upper face of the SIW. Rogers' substrate 5880 with a relative permittivity of 2.2 and a thickness of 0.508 mm is used. The lines are fed via two input ports at opposite ends which are excited simultaneously with a phase shift, among them
As the first step of the design, two different SIW CRLH cells operating in different frequency bands are considered. The two lines are designed to be in the balance case, i.e. without a stop band. The frequencies of broadside radiation ( = 0) are located at 7.8 GHz and 10.2 GHz for the first and second cells, respectively. The corresponding cell layouts are shown in Fig. 2 . The side walls of these models are made-up by solid PEC walls to simplify the simulation process. An inter-digital slot etched on the upper face of the SIW cells serves as a series capacitor. In addition, two inductance pins are inserted into the left side of each unit cell. The distance between these two pins is an important factor allowing the reduction of the stop band, and a balanced state is obtained by optimizing the value of this distance. This type of the SIW CRLH TL single cell and its theoretical background have already been reported in [9] , [10] . The dimensions of the two different transmission lines are listed in Tab. 1.
The beam scanning range and corresponding frequency bands can be estimated from dispersion relations of the two CRLH SIW unit cells as well as from the k 0 airline which defines the leakage region ( < k 0 ). Observed results show that the two cells are balanced. The LH region of the first line is given by the band 6.9-7.8 GHz and the RH region band is among 7.8-11 GHz. For the second line, the LH region band is given from 8.9 to 10.2 GHz whereas the RH region band is set from 10.2 to 13.8 GHz. The new phenomena presented by this design show that the space leaky waves can propagate simultaneously along the two lines from 8.9 until 10.2 GHz with  1 > 0 and  2 < 0 and from 10.2 to 11 GHz with  1 > 0 and  2 > 0. However, for the first line, a narrow stop band appears around 11.8 GHz. This can be explained by the appearance of a parasitic resonance attained from the inter-digital fingers [13] .
As mentioned previously, the unit cells are constructed using PEC side walls. In order to include the SIW vias in the design, the physical parameters of the SIW are valued as follows: the effective width w siw is calculated from a good estimation of the w rec / w siw relation defined in [14] . The values of the d diameter of the vias and the s distance between two consecutive vias are calculated from (9) and (10) [15] , [16] :
where  g is the guided wavelength along the SIW.
In the final optimum design, the two parallel SIW lines are located on a common substrate, each consisting of 25 unit cells of the same length. Tapered microstrip-to-SIW transitions are used to power the considered structure. In addition, the distance between the two lines was optimized to verify the coupling between the feeding ports.
Results show that only one row of SIW pins is sufficient to neglect the coupling, as illustrated in Fig. 1 . The final parameters of the pair CRLH SIW lines are listed in Tab. 2.
The influence of the  phase difference between feeding port signals to the field distribution is documented in Fig. 4 . Here, the field distribution calculated by (7) and (8) shows that a single beam at 9.2 GHz can be acquired only when  = 180°. The aim is to get one beam that is narrower than the two beams at other frequencies. This single beam radiates more effectively. It is shown by the plot in Fig. 4 calculated at the frequency 9.2 GHz.
The field distribution of space leaky waves was calculated by (5), (7) , and (8) . The values of k z1 and k z2 are taken from the dispersion relations of the first and second SIW CRLH unit cells plotted in Fig. 3 . Figure 5 summarizes the analytical development of the steering behavior over the frequency of the main beam directions produced by leaky waves with the phase difference  equal to 180°.
The measured results are also plotted in Fig. 5 . The steering range is given from -72° to +73° in the frequency band Tab. 2. Dimensions of the proposed structure. Fig. 4 . Analytical results of a normalized E-field distribution calculated by (7) and (8) in dependence on phase difference  at 9.2 GHz. from 7 to 13.5 GHz. More precisely, the observed results demonstrate that from 7 GHz to 8.7 GHz only the wave that is travelling along the first line radiates. In the band 8.8-11 GHz, the pair of transmission lines radiates together two asymmetrical beams, and finally, from 11 until 13.5 GHz, only the wave travelling along the second transmission line radiates.
Simulated and Experimental Results and Discussion
The prototype of the CRLH SIW two line array designed in Sec. 2 has been fabricated. Figure 6 shows the photograph of the fabricated structure. The lines are fed via two input SMA ports at opposite ends excited simultaneously with phase shift between them  = 180°.
The isolation between ports S 21 and S 41 is presented in Fig. 7 . It can be observed that the coupling between the ports is significant since the isolation is kept bellow -20 dB. Scattering parameters were measured by the Rohde & Schwarz ZV 67 vector network analyzer. Figure 8 shows the simulated and measured results. As previously mentioned, the system was designed carefully to get unit cells balanced. Simulation results show a continuous operation of the antenna system in the frequency band 6.9-13.5 GHz. However, measured results show that the pair of the antennas has not been fabricated properly and at both areas of broadside radiation, they show stop bands [17] that have not been revealed via simulation. The appearance of the stop band is very sensitive to the dimensions of the fabricated structures. Additionally, the matching of measured S 11 are slightly high, especially in the left hand regions. This can be attributed to the mismatch of SMA connectors that are not considered in the simulation.
The superposition of the two space leaky waves was measured in an anechoic chamber at different frequencies. The two lines were simultaneously fed by the ZVA67 analyzer with a 180° phase shift. The ZVA40 analyzer received transmitted signal from the system. Moreover, a DHR20 antenna was used for the test [18] . Figure 9 compares the simulated and measured normalized power patterns at some particular frequencies: when the first line is only radiating, when both lines are radiating and when the second line is only radiating, at f = 7.8 GHz, f = 9.4 GHz and f = 12.5 GHz, respectively. A good agreement between both the measured and simulated data is obtained. This verifies the proposed complex variation of the two space leaky wave field. The measured directions of radiation maxima at particular frequencies were compared with the theoretical analysis in Fig. 5 (7) and (8) . The fit with angles obtained from the simplified analysis is very good. More details of the radiation behavior are illustrated in Tab. 3. Figure 10 shows simulated radiation patterns in the Hplane. The angle  is here set at the direction of the maximum radiation at each frequency. Plots show only one main lobe in this plane that is required. The measured gain and radiation efficiency of the system are plotted in Fig. 11 . The observed results show that a high gain value is obtained in the entire impedance bandwidth and a maximum of 15.8 dB is detected at 11.4 GHz. In addition, high radiation efficiency is calculated with an average value of 90%. Those results prove the reliability of the proposed system. Simulated and measured results of side lobe level (SLL) in some particular frequencies over the radiating frequency band are shown in Fig. 12 . It can be noticed that low SLL is obtained in the areas where only one main beam is steered and it increases with the appearance of the second radiating beam. Moreover, simulated results correspond well to the measured ones. Table 4 provides the performance comparison between the proposed work and other designs taken from literature. It is very obvious that the work presented in this paper has a wider band of operation and scanning range as well as a higher maximum gain value than most previous studies.
Conclusion
In this paper, the superposition of space leaky waves that are excited on the CRLH SIW line system is originally presented. The proposed structure exhibits a complex beam steering behavior over a wide frequency band. A brief theoretical analysis is conducted to prove the idea of the design. The theoretical and measurement results were compared and a good agreement has been revealed. An asymmetrical dual beam steering behavior of leakage field distribution over the frequency band from 6.9 to 13.5 GHz has been obtained with a wide band of scanning range from -72° to +73°. The proposed structure is suitable for smart systems which can be used to monitor a space with a complex geometry and for beam tracking systems as well.
